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BACKGROUND 

[0001] Semiconductor light-emitting devices (LEDs) are among the most efficient 
light sources currently available. Materials systems currently of interest in the 
manufacture of high-brightness LEDs capable of operation across the visible spectrum 
include Group III-V semiconductors, particularly binary, ternary, and quaternary alloys of 
gallium, aluminum, indium, and nitrogen, also referred to as Ill-nitride materials. 
Typically, Ill-nitride light emitting devices are fabricated by epitaxially growing a stack 
of semiconductor layers of different compositions and dopant concentrations on a 
sapphire, silicon carbide, or Ill-nitride substrate by metal-organic chemical vapor 
deposition (MOCVD), molecular beam epitaxy (MBE), or other epitaxial techniques. 
The stack often includes one or more n-type layers doped with, for example, Si, formed 
over the substrate, a light emitting or active region formed over the n-type layer or layers, 
and one or more p-type layers doped with, for example, Mg, formed over the active 
region. 

[0002] The active region is often a single quantum well layer, or multiple quantum 
well layers separated by and sandwiched between layers of semiconductor materials with 
larger bandgap energies than the quantum well layers. The larger bandgap energy layers 
that separate the quantum well layers are often referred to as barrier layers. The larger 
bandgap energy layers between which the active region is located are often referred to as 
cladding or confinement layers. Other layers may be located between the confinement 
layers and the active region. The barrier and confinement layers provide barriers to the 
diffusion of charge carriers away from the active region. 

[0003] Figure 1 illustrates an example of an active region sandwiched between two 
confinement layers, as described in U.S. Patent No. 6,046,464. A GaN active region 1 12 
is located between two confinement layers 1 14a and 1 14b of Ali- x Ga x N. Aluminum is 
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often used in confinement layers because the presence of aluminum in a Ill-nitride 
semiconductor layer typically increases the bandgap of that layer, providing for good 
carrier confinement. 

[0004] The use of AlGaN confinement layers creates several problems. 

[0005] First, it is difficult to achieve the required hole concentration in Mg-doped 
AlGaN. One reason is that the activation energy for Mg increases as the composition of 
Al increases in AlGaN. It has been observed that in GaN, only about 1% of the Mg 
incorporated is activated at room temperature. It has also been observed that the 
activation energy of a dopant increases as the bandgap energy of the host material 
increases. Therefore, the percentage of activated Mg atoms in AlGaN is expected to be 
less than 1%. This means that higher concentrations of Mg atoms must be incorporated 
into the AlGaN layer in order to achieve the required hole concentrations. Requiring high 
Mg concentration in AlGaN has two disadvantages. First, it is difficult to incorporate 
high Mg concentrations in AlGaN during growth. Second, the presence of high dopant 
concentrations can undesirably affect the quality and electronic properties of the AlGaN 
single crystal film. 

[0006] Second, large polarization fields exist at the GaN/ AlGaN interface. These 
polarization fields are caused by the different electronegativities of Al, In, Ga, and N, as 
well as the asymmetric nature of the wurtzite crystal structure present in Ill-nitride LEDs. 
The polarization fields essentially produce a sheet charge between the GaN and AlGaN 
interface, which moves the energy band diagram up or down, depending on the polarity 
of the sheet charge at the interface. At the GaN/ AlGaN interface, a positive sheet charge 
exists and pulls the conduction energy band down, which reduces the effectiveness of 
AlGaN as a confinement layer. The effect of polarization fields is illustrated in Figure 2, 
which is an energy band diagram of a device with an AlGaN confinement layer. As 
illustrated in Figure 2, the bandgap of quantum well layer 310 is less than the bandgap of 
cap layer 302, which is less than the bandgap of confinement layer 304. However, the 
polarization field at the cap layer/confinement layer interface has pulled the energy 
diagram at point 308 down below the quasi-Fermi level 306. The quasi-Fermi level is 
most easily understood as the energy level below which charge carriers can reside at T=0. 
Because the conduction band is pulled down at point 308, the voltage needed for similar 
current densities is increased. This decreases the energy barrier and the electron 
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confinement of the AlGaN layer. 



[0007] Third, growth of AlGaN requires higher temperatures than other GaN-based 
layers. One way to change to a higher growth temperature is to initiate a pause in the 
growth. Growth pauses are generally undesirable because they allow impurities to 
accumulate on the surface of the crystal, which can degrade the quality of the crystal. In 
addition, the high temperature required for AlGaN can undesirably impact the material 
properties of the layers in the active region. 

SUMMARY 

[0008] In accordance with the invention, a Ill-nitride light emitting device includes a 
substrate, a first conductivity type layer overlying the substrate, a spacer layer overlying 
the first conductivity type layer, an active region overlying the spacer layer, a cap layer 
overlying the active region, and a second conductivity type layer overlying the cap layer. 
The active region includes a quantum well layer and a barrier layer containing indium. 
One of the spacer layer and the cap layer contain indium. The barrier layer may be doped 
with a dopant of first conductivity type and may have an indium composition between 1% 
and 15%. In some embodiments, the light emitting device includes a lower confinement 
layer formed between the first conductivity type layer and the active region. The lower 
confinement layer may be doped with a dopant of first conductivity type and may have an 
indium composition between 0% and 15%. In some embodiments, the light emitting 
device includes an upper confinement layer formed between the second conductivity type 
layer and the active region. The upper confinement layer may be doped with a dopant of 
second conductivity type and may have an indium composition between 0% and 15%. 
The cap layer may be doped with a dopant of second conductivity type and may have an 
indium composition between 0% and 15%. The spacer layer may be doped with a dopant 
of first conductivity type and may have an indium composition between 0% and 15%. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Figure 1 illustrates a prior art Ill-nitride LED. 

[0010] Figure 2 illustrates an energy band diagram of a device with an AlGaN 
confinement layer. 

[0011] Figure 3 illustrates an LED according to the present invention. 
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[0012] Figure 4 illustrates an energy band diagram of a device according to the 
present invention. 



[0013] Figure 5 illustrates a method of fabricating an LED. 

[0014] Figure 6 is a curve of efficiency vs. current density for the device shown in 
Figure 4. 

DETAILED DESCRIPTION 

[0015] Figure 3 illustrates an LED 200 incorporating aspects of the present invention. 
A single n-type layer or stack of n-type layers 204 is formed on a substrate 202. A lower 
confinement layer 206 is formed over n-type layers 204. Active region 208 is 
sandwiched between a spacer layer 207 and a cap layer 210. Active region 208 includes 
barrier layers 222, and quantum well layers 220. An upper confinement layer 212 is 
formed over cap layer 210. Finally, a single p-type layer or stack of p-type layers 214 is 
formed over upper confinement layer 212. P-type layers 214 may include a contact layer. 
An n-contact is electrically connected to one of n-type layers 204 and a p-contact is 
electrically connected to one of p-type layers 214. If substrate 202 is conductive, the n- 
contact may be deposited on the underside of substrate 202. Or, a portion of p-type layers 
214, confinement layer 212, active region 208, and confinement layer 206 is removed to 
expose n-type layers 204. Both the p-contact and the n-contact are then deposited on the 
same side of the device. In configurations where both contacts are deposited on the same 
side of the device, light may either be extracted through the substrate (known as a flip 
chip device) or through the contacts. Though LED 200 is shown with n-type layers 204 
closest to the substrate, the structure can be reversed such that the p-type layers 214 are 
formed closest to the substrate. In addition, n-type layers 204 may include a p-type layer 
and p-type layers 214 may include an n-type layer. Further, any of lower confinement 
layer 206, spacer layer 207, barrier layers 222, cap layer 210, and upper confinement 
layer 212 may be either n-type or p-type. 

[0016] In some embodiments of the invention, lower confinement layer 206, spacer 
layer 207, quantum well layers 220, barrier layers 222, cap layer 210, and upper 
confinement layer 212 are each InGaN. Table 1 illustrates the In composition of each 
layer. 
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[0017] In the embodiment shown in Table 1, upper confinement layer 212 and lower 
confinement layer 206 have the smallest indium composition. Cap layer 210, barrier 
layers 220, and spacer layer 207 usually have a larger indium composition than 
confinement layers 206 and 212, and a smaller indium composition than quantum well 
layers 222. Quantum well layers 222 have the largest indium composition. Thus, 
xi, x 3 , x 4 < x 2 ; and x 0 , x 5 < xi, X3, x 4 . 

[0018] In some embodiments, lower confinement layer 206 is a Ill-nitride layer 
lacking Al and doped n-type, usually with Si. Lower confinement layer 206 may be, for 
example, GaN or InGaN. Lower confinement layer 206 may have an indium composition 
of about 0% to about 15%, and usually has an indium composition of about 0% to about 
2%. Figure 4 illustrates an energy band diagram of a device incorporating a lower 
confinement layer 206. Lower confinement layer 206 is doped with a large enough 
dopant concentration to move the electron quasi-Fermi level 410 closer to the conduction 
band 402 at point 412, the interface between lower confinement layer 206 and spacer 
layer 207. The doping causes bending of the band structure which provides a barrier to 
holes in valence band 404 at point 414. Confinement layer 206 may be doped with an n- 
type dopant such as Si to a concentration of about 10 15 cm" 3 to about 10 22 cm~ 3 , and is 
usually doped to a concentration of about 10 19 cm~ 3 to about 5*10 20 cm" 3 . Lower 
confinement layer 206 may be between 50 and 20000 angstroms thick, and is usually 
between 250 and 500 angstroms thick. Typically, the presence of In in a layer lowers the 
band gap of that layer, thus in embodiments where lower confinement layer 206 contains 
In, the In composition should be less than the In composition of the quantum well layers 
and less than or equal to the In composition of the barrier layers. 

[0019] In some embodiments, spacer layer 207 is an InGaN layer. Spacer layer 207 
may have an indium composition between about 0% and about 15%, and usually has an 
indium composition between 0% and 5%. Spacer layer 207 may doped with an n-type 
dopant such as Si to a concentration of about 10 15 cm* 3 to about 10 19 cm" 3 , and is usually 
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doped to a concentration of about 10 l7 cm" 3 to about 10 18 cm 3 . Spacer layer 207 may be 
between about 25 and 300 angstroms thick, and is usually between 100 and 200 
angstroms thick. 

[0020] Active region 208 has alternating quantum well layers 220 (Figure 3) and 
barrier layers 222. In some embodiments, both quantum well layers 220 and barrier 
layers 222 are InGaN. Since increasing In composition reduces the band gap of a layer, 
quantum well layers 220 typically have a greater In composition than barrier layers 222, 
such that barrier layers 222 have a high enough band gap to confine charge carriers. 
Quantum well layers 220 may have an indium composition ranging between 4% and 
25%. Barrier layers 222 may have an indium composition ranging between 0% and 15% 
and usually have an indium composition ranging between 1% and 5%. 

[0021] In some embodiments, barrier layers 222 of the active region are doped n-type 
with Si in order to reduce polarization fields at the barrier/quantum well interface. 
Barrier layers 222 may be doped to a concentration of about 10 15 cm' 3 to about 10 19 cm" 3 , 
and are usually doped to a concentration of about 10 17 cm~ 3 to about 5*10 l8 cm" 3 . Barrier 
layers 222 may range in thickness from 20 to 250 angstroms, and are usually between 60 
and 130 angstroms thick. Quantum well layers 220 may range in thickness from 10 to 60 
angstroms, and are usually between 15 and 30 angstroms thick. Though three quantum 
well layers 220 and two barrier layers 222 are shown in Figure 3, more or fewer quantum 
well layers and barrier layers may be used. 

[0022] In some embodiments, cap layer 210 is an InGaN layer containing the same In 
composition as the barrier layers in active region 208. Cap layer 210 may have an indium 
composition between about 0% and about 15%, and usually has an indium composition 
between 0% and 5%. Cap layer 210 may be doped with a p-type dopant such as Mg or 
doped with an n-type dopant such as Si to a concentration of about 10 15 cm" 3 to about 10 21 
cm" 3 , and is usually doped to a concentration of about 10 19 cm" 3 to about 10 20 cm" 3 . Cap 
layer 210 may be between about 25 and 300 angstroms thick, and is usually between 50 
and 120 angstroms thick. 

[0023] In some embodiments, upper confinement layer 212 is InGaN doped with a p- 
type dopant such as Mg. Upper confinement layer 212 contains less In than the quantum 
well layers of active region 208, in order to confine the charge carriers to active region 
208. The indium composition of upper confinement layer 212 may be between about 0% 
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and about 15% and is usually between 0% and 2%. Turning again to Fig. 4, upper 
confinement layer 212 is doped with enough p-type dopant to move conduction band 
edge 416 away from the electron quasi-Fermi level at the interface of cap layer 210 and 
upper confinement layer 212. This provides a better wall to electron diffusion at edge 
416. Upper confinement layer 212 may be doped to a concentration of about 10 15 cm" 3 to 
about 10 22 cm" 3 , and is usually doped to a concentration of about 10 19 cm" 3 to about 
5*10 20 cm~ 3 . Upper confinement layer 212 may be between about 50 and 20,000 
angstroms thick, and is usually between 250 and 500 angstroms thick. 

[0024] In some embodiments, a p-type contact layer is InGaN or GaN doped with a 
p-type dopant such as Mg. The p-type contact layer may have an indium composition 
ranging from about 0% to about 15%, and usually has an indium composition ranging 
between 0% and 2%. The p-type contact layer may be doped to a concentration of about 
10 15 cm" 3 to about 10 23 cm" 3 , and is usually doped to a concentration of about 10 20 cm* 3 to 
about 10 21 cm" 3 . The p-type contact layer may be 10 to 500 angstroms thick, and is 
usually between 100 and 250 angstroms thick. 

[0025] The band gaps of confinement layers 206 and 212 are generally greater than 
the band gaps of the barrier layers in active region 208, cap layer 210, and spacer layer 
207. Within active region 208, the band gap of the barrier layers is greater than the band 
gap of the quantum well layer. Thus, in embodiments where both confinement layers, the 
cap layer, the spacer layer, the quantum well layers, and the barrier layers are all InGaN, 
the confinement layers have the lowest composition of In, the barrier layers, cap layer, 
and spacer layer all have a higher composition of In, and the quantum well layers have 
the highest composition of In. 

[0026] Table 2 shows the indium composition of each of the layers of the device 
shown in Figure 4. 

Table 2 
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Lower confinement layer 206 


0% 


Spacer layer 207 


0% 


Barrier layer 222 


3% 


Quantum well layer 220 


15% 


Cap layer 210 


3% 


Upper confinement layer 212 


0% 
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[0027] In some embodiments, lower confinement layer 206, spacer layer 207, cap 
layer 210, or upper confinement layer 212 may have a graded indium composition or 
graded dopant conlsentFation. As used herein, the term "graded" is meant to encompass 
any structure that achieves a change in composition and/or dopant concentration in any 
manner other than a single step in composition and/or dopant concentration. In one 
example, the graded layer is a stack of layers, each of the layers having a different 
composition and/or dopant concentration than either layer adjacent to it. If the layers are 
of resolvable thickness, the graded layer is known as a step-graded or index-graded layer. 
In the limit where the thickness of individual layers approaches zero, the graded layer is 
known as a continuously-graded layer. The layers making up the graded smoothing layer 
can be arranged to form a variety of profiles in composition and/or dopant concentration 
versus thickness, including, but not limited to, linear grades, parabolic grades, and power- 
law grades. Also, graded smoothing regions are not limited to a single grading profile, 
but may include portions with different grading profiles and one or more portions with 
substantially constant composition and/or dopant concentration regions. For example, 
spacer layer 207 may have an indium composition that is graded from the indium 
composition in lower confinement layer 206 to the indium composition in barrier layers 
220. Also, cap layer 210 may have an indium composition that is graded from the indium 
composition in barrier layers 220 to the indium composition in upper confinement layer 
212. The graded spacer layer 207 and cap layer 210 create a "funnel" which directs 
charge carriers to the active region. 

[0028] Figure 5 illustrates a method of fabricating a device according to aspects of 
the present invention. In stage 51, substrate 202, which may be SiC, sapphire, GaN, or 
any other suitable substrate, is polished on one or both sides then prepared for growth 
with various cleans. N-type layers 204 are epitaxially grown on substrate 202 in stage 52 
by MOCVD. The substrate is placed in a reactor and precursor gases, such as tri-methyl 
gallium and ammonia, are introduced which react at the surface of the substrate to form 
GaN. Before bulk GaN growth, a Ill-nitride nucleation layer such as A1N, GaN, or 
InGaN may be grown over substrate 202. Any Al or In containing precursor gases are 
then removed. An n-type dopant precursor gas is introduced to the reactor along with a 
gallium-containing precursor and ammonia, such that the resulting n-type region 204 is 
doped with, for example, Si, Ge, or O. 

[0029] In stage 53, an indium containing precursor gas, such as tri-methyl indium, 
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may be introduced into the reactor to form lower confinement layer 206. The 
temperature may also be reduced. The amount of indium incorporated into a layer can be 
controlled by adjusting the reaction temperature, the ratio of the flow rate of indium 
containing precursors to the flow rate of other precursors such as gallium containing 
precursors (hereinafter, the indium/other ratio), or both. 

[0030] The first quantum well layer 220 in active region 208 is formed in stage 54, by 
reducing the reactor temperature, by increasing the indium/other ratio, or both. In stage 
55, the temperature is increased and/or the indium/other ratio is reduced to form an active 
region barrier layer 222 having less indium than quantum well layer 220 is formed. 
Stages 54 and 55 are repeated until the desired number of barrier layers has been formed, 
then a final quantum well is formed in stage 57. 

[0031] After the active region is formed, the reactor temperature is raised and/or the 
indium/other ratio is reduced in stage 58 to form cap layer 210. A p-type dopant 
precursor is introduced to the reactor, such that the resulting cap layer is doped with, for 
example, Mg. The reactor temperature is again raised and/or the indium/other ratio is 
again reduced in stage 59 to form upper confinement layer 212. P-type layers 214 are 
formed in stage 60. Layers which may be optimized for conductivity or ohmic contact 
formation may be formed within p-type region 214. A p-contact layer, which will later 
form the p-contact, is then deposited over the semiconductor layers in stage 61. The 
device is patterned and portions of the p-contact layer, the p-type semiconductor layers, 
and the active region are etched away to expose a portion of n-type region 204. An n- 
contact is then deposited on the exposed portion of n-type region 204. N- and p-contacts 
may be, for example, Au, Ni, Al, Pt, Co, Ag, Ti, Pd, Rh, Ru, Re, and W, or alloys thereof. 

[0032] In accordance with the invention, the use of InGaN or GaN confinement, cap, 
spacer, and barrier layers offers several advantages. First, Mg more easily incorporates 
1 into InGaN or GaN, even adjacent to an InGaN-GaN or GaN-GaN interface, than it 
incorporates into AlGaN. Thus, the use of InGaN or GaN confinement layers reduces 
variation and uncertainty in placement of the p-n junction and the undesirable impact of 
undoped AlGaN on resistance and operating voltage experienced with AlGaN 
confinement layer. 

[0033] Second, a greater portion of Mg atoms are active at room temperature in Mg- 
doped InGaN and Mg-doped GaN as compared with Mg doped AlGaN. As a result, in 
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order to reach the required hole concentration, InGaN and GaN confinement layers can be 
doped with less Mg than AlGaN confinement layers, improving the crystal properties of 

the lepers. 

[0034] Third, the confining properties of an InGaN confinement layer are less 
affected by polarization fields than the properties of an AlGaN confinement layer. Figure 
6 shows efficiency as a function of current density for the device shown in Figure 3. 
Since the device shown in Figure 3 has effective electron and hole confinement, 
efficiency increases as current density increases. Thus, at high current density, the device 
is highly efficient, meaning that as the current density increases, much of the additional 
current becomes light, not heat. 

[0035] Fourth, the use of InGaN or GaN confinement layers reduces the fabrication 
temperature of the upper confinement layer, which reduces the risk of damage to the 
active region. Also, the use of InGaN or GaN confinement layers may eliminate the 
growth pause before the growth of AlGaN, which reduces the risk of crystal defects 
caused by the accumulation of impurities during the growth pause. 

[0036] While particular embodiments of the present invention have been shown and 
described, it will be obvious to those skilled in the art that changes and modifications may 
be made without departing from the invention in its broader aspects and, therefore, the 
appended claims are to encompass within their scope all such changes and modifications 
as fall within the true spirit and scope of this invention. 
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